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A B S T R A C T
Red wines have been shown to protect the vascular system by increasing the endothelial
formation of nitric oxide (NO).This study investigated the vasoactive properties of an alcohol-
free Cabernet-Sauvignon northeastern Brazilian red wine – RIOSOL (RSCS) extract. The
polyphenolic-rich RSCS contained 4.2 mg GAE/L of polyphenols, and its major compounds
included quercetin, myricetin and kaempferol. In normotensive conscious rats, RSCS pro-
duced hypotension and tachycardia, which were attenuated by the endothelial NO synthase
inhibitor (eNOS), L-NAME. In addition, after 2 weeks of oral treatment, RSCS reduced arte-
rial pressure in L-NAME-treated hypertensive rats. RSCS caused NO-mediated relaxations
in phenylephrine contracted mesenteric artery rings, and induced the formation of NO and
superoxide anions and a redox-sensitive phosphorylation of Akt and eNOS in cultured en-
dothelial cells. In conclusion, the findings indicate that an alcohol-free lyophilized RSCS
induced hypotension and endothelium-dependent vasorelaxation as a consequence of the
activation of the Akt-eNOS-NO pathway in a redox-sensitive manner.
© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction
Polyphenol-rich diets, food, and beverages, especially red wine,
grape juice, tea, and extracts rich in polyphenols, have been
shown to have a protective effect against cardiovascular dis-
eases (Idris Khodja, Chataigneau, Auger, & Schini-Kerth, 2012;
Stoclet et al., 2004). Chronic intake of red wine, a particularly
rich source of phenolic compounds, caused antihypertensive
effects and vasodilatation in normal and hypertensive
rats (Soares de Moura et al., 2004). Red wine has also been
shown to decrease lipid peroxidation, induce endothelium-
derived nitric oxide (NO)-mediated relaxations, enhance NO
bioavailability, and to improve the endothelial function
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(Andriantsitohaina et al., 2012; Auger et al., 2010; Diebol, Bucher,
& Adriantsitohaina, 2001).
The red wine- and polyphenol-induced vasoprotective en-
dothelial formation of NO has been shown to depend on their
ability to modulate specific signalling pathways in endothe-
lial cells (Wallerath, Polleo, Li, & Förstermann, 2003). Indeed,
the stimulatory polyphenols caused the PI3-kinase/Akt-
dependent activation of endothelial NO synthase (eNOS) by
enhancing the phosphorylation level of Ser1177 (an activator
site), and this effect is dependent on an intracellular pro-
oxidant response in endothelial cells (Alhosin et al., 2013; Kim
et al., 2013). However, the mechanism underlying the pro-
oxidant effect of red wine polyphenols in endothelial cells still
remains to be clarified.
Despite the existence of several studies with wines from
different parts of the world, little information exists regard-
ing the biological properties of northeastern Brazilian wines.
The São Francisco river valley is a region generally perceived
to produce good wines in northeastern Brazil. This region is
situated at 8–9S (latitude) and around 40W (longitude) in the
northeastern region of the country and is characterized by a
semi-arid climate with high sunlight exposure almost all year.
This vine growing area is associated with variations in the red
wine constituents (Lucena et al., 2010). The aim of the present
study was to characterize the major polyphenolic constitu-
ents of a red wine Cabernet Sauvignon RIOSOL from the São
Francisco river valley (RSCS), and to determine the mecha-
nisms underlying the cardiovascular effects using both an in
vitro approach and an in vivo approach.
2. Materials and methods
2.1. Animals
Male Wistar rats (200–300 g) were housed under controlled tem-
perature (21 ± 1 °C) and light cycle (lights on from 6 am to 6
pm). In addition, rats had free access to water and food (Labina,
PURINA, São Paulo, Brazil). All experimental protocols and pro-
cedures were approved by the Institutional Animal Care and
Use Committee of the Federal University of Paraiba (Protocol
number 0310/08).
2.2. Drugs and solutions
All reagents were from Sigma (St. Louis, MO, USA) except
diaminofluorescein diacetate (DAF-2DA) from Calbiochem
(Foster City, CA, USA), and quercetin, myricetin and kaempferol
from Cayman Chemicals (Ann Arbor, MI, USA). ODQ was dis-
solved in DMSO and the other compounds in distilled water
or phosphate buffered saline solution (PBS). The composition
of the Tyrode’s solution was (mM): NaCl, 158.3; KCl, 4.0; CaCl2,
2.0; MgCl2, 1.05; NaH2PO4, 0.42; NaHCO3, 10.0 and glucose, 5.6.
2.3. Preparation of the alcohol-free lyophilized red wine
Red wine from Cabernet Sauvignon (vintage 2006) was made
from red grape varieties (Vitis vinifera L.) grown in the semi-
arid climate with high sunlight exposure in the São Francisco
river valley and provided by the Winery Santa Maria (Lagoa
Grande, Pernambuco, Brazil). To obtain an alcohol-free lyophi-
lized extract of RSCS, the wine ethanol was first evaporated
under low pressure at 55 °C to obtain approximately 50% of the
original volume.Then, the residual liquid was lyophilized using
a LABCONCO Freezone1 lyophilizer (Kansas City, MO, USA), and
kept at −20 °C until use.
2.4. Determination of the phenols content
The total polyphenol content of RSCS was determined using
the Folin–Ciocalteu phenol reagent stabilized with a satu-
rated solution of sodium carbonate and a spectrophotometer
(Varian 50 Bio UV/Vis at 760 nm).The calibration curve was per-
formed using gallic acid. Samples were analysed in triplicate
and the total polyphenol content was expressed as mg of gallic
acid equivalent/L of wine (mg GAE/L).
The concentration of quercetin, kaempferol and myricetin
in RSCS was determined as reported previously (Vuorinen,
Maatta, & Torronen, 2000), by using high performance liquid
chromatography with Ultimate 3000 Dionex, Acclaim 120 Dionex
C-18 column (250 mm × 4.6 mm, 5 µm). Samples were in-
jected through a 100 µL loop. The mobile phase used was a
mixture of CH3CN: aqueous 0.1% formic acid (25:75, vol/vol) de-
livered at a flow rate of 2.0 mL/min. The detection of quercetin,
kaempferol and myricetin was quantified at 370 nm. The
samples were analysed in triplicate, and the concentration of
quercetin, kaempferol and myricetin was expressed as
µg/mL RSCS.
2.5. Measurement of arterial pressure and heart rate in
non-anaesthetized rats
For blood pressure and heart rate determinations, protocols used
were similar to those previously described (Nunes, Ribeiro,
França-Silva, Medeiros, & Braga, 2010). Briefly, following ketamine
and xylazine (75 and 10 mg/kg, i.p., respectively) administra-
tion, polyethylene catheters were inserted into the lower
abdominal aorta and the inferior vena cava of rats through the
left femoral artery and vein, respectively. Both catheters were
filled with a heparinized saline solution, tunnelled subcutane-
ously, exteriorized and sutured at the dorsal surface of the neck.
Twenty-four hours after the surgical procedure, experiments were
performed in conscious rats. Changes in blood pressure and heart
rate were recorded using a pressure transducer coupled to an
acquisition system (PowerLab, AD Instruments, Australia) con-
nected to a computer installed with LabChart 5.0 software (AD
Instruments).
In one series of experiments, once cardiovascular param-
eters had stabilized, increasing doses of RSCS (10, 30, 90 mg/kg)
were randomly administered i.v. Successive injections were per-
formed at 15 min intervals in order to allow changes in arterial
pressure to develop. Thereafter, 30 min after baseline recov-
ery, L-NAME (20 mg/kg, i.v., a NO synthase inhibitor) was
administered for 30 min before the administration of increas-
ing doses of RSCS.
In a second series of experiments, after an adaptation period,
12 rats were treated orally with L-NAME (40 mg/kg/day) dis-
solved in the drinking water. Twelve days after the beginning
of the L-NAME treatment, when rats were hypertensive, 6 rats
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were treated with L-NAME plus vehicle (saline), and 6 with
L-NAME plus RSCS (100 mg/kg/day) from day 12 until day 21.
Mean arterial blood pressure and heart rate were determined
at day 21.
2.6. Vascular reactivity studies
Rats were euthanized and the superior mesenteric artery was
removed and cleaned of connective tissue and fat. As indi-
cated, the endothelium was removed mechanically by gently
rubbing the intimal surface of the mesenteric artery. Rings
(2–3 mm) were obtained, suspended in organ chambers con-
taining physiological Tyrode’s solution, maintained at 37 °C, and
aerated with a gas mixture of 95% O2 and 5% CO2 (pH 7.4). Ar-
terial rings were stabilized under a resting tension of 0.75 g for
1 h. The Tyrode solution was replaced every 15 min to prevent
the accumulation of metabolites. Changes in isometric tension
were recorded using a force transducer (Miobath-4, WPI, Sara-
sota, FL, USA) coupled to an amplifier-recorder (Miobath-4) and
a computer equipped with an analogue to digital converter
board.
Rings with endothelium were characterized by the ability
of ACh (10 µM) to induce more than 85% relaxation of the phen-
ylephrine (10 µM)-induced contraction, and those without
endothelium by less than 10% (Furchgott & Zawadzki, 1980).
In some experiments, rings were exposed to either the NO
synthase inhibitor L-NAME (100 µM), (Moncada & Higgs, 1993);
ODQ (10 µM), a soluble guanylyl cyclase (sGC) inhibitor
(Garthwaite et al., 1995); charybdotoxin (CTX, 0.2 µM) + apamin
(0.2 µM), two inhibitors of calcium-dependent K+ channels in-
volved in endothelium-dependent hyperpolarization (EDH)-
mediated relaxation (Doughty, Plane, & Langton, 1999); or tempol
(100 µM), a SOD mimetic (Wang et al., 2010). Rings were exposed
to an inhibitor for 30 min before the addition of phenyleph-
rine. Once a stable contraction was reached, a concentration-
relaxation curve to RSCS was constructed.
2.7. Determination of NO and ROS formation by
endothelial cells
DAF-2 DA, a fluorescent indicator that enables the direct de-
tection of NO under physiological conditions by flow cytometry
(Navarro-Antolin & Lamas, 2001), was used in a cultured rabbit
aortic endothelial cells line (The cell line established from
primary culture of RAEC were gifts from Dr. Helena B. Nader
at UNIFESP, São Paulo, Brazil). RAEC were grown in 24-well plates
using F12 medium (F12 Coon’s modification) supplemented with
10% fetal bovine serum (FBS) and antibiotics (penicillin and
streptomycin) as previously described (Kojima et al., 1998).
To determine the formation of NO in RAEC, cells were
exposed to RSCS (100 and 300 µg/mL) for 5 min and 10 µM DAF-2
DA for 30 min at 37 °C. RAEC were also stimulated with ACh
(10 µM) for 15 min. To verify that the fluorescent signal ob-
tained after the addition of DAF-2 DA was dependent on the
presence of NO, RAEC was pre-incubated with L-NAME (100 µM)
for 30 min before the addition of DAF-2 DA and RSCS (100 and
300 µg/mL). Cells were then washed twice with phosphate-
buffered saline solution containing bovine serum albumin and
analysed (10,000 cells per sample) by flow cytometry using the
FACSCalibur equipment (Becton Dickinson, San Jose, CA, USA).
Data were analysed by FACSCalibur Set-up – Cell Quest Pro Soft-
ware. Changes in NO formation were expressed as percent
changes of fluorescence.
The fluorescent probe dihydroethidium was used to evalu-
ate the intracellular formation of superoxide anions using a
fluorescent reader. Cells (5 × 105/well) were treated with RSCS
(300 µg/mL) or 1 µM angiotensin II (positive control), and then
they were loaded with dihydroethidium (DHE, 5 µM) in Tyrode
solution for 30 min in the dark at room temperature. After the
incubation period, fluorescence was monitored using a spec-
trofluorometer (Tecan, Salzburg, Austria) with an excitation at
396 nm and an emission at 590 nm. Results are expressed as
percentage of relative fluorescence units.
2.8. Porcine coronary artery endothelial cell culture
Porcine coronary artery endothelial cells were isolated and cul-
tured as previously described (Ziberna, Kim, Auger, Passamonti,
& Schini-Kerth, 2013). Briefly, endothelial cells were isolated
from freshly dissected porcine coronary arteries by collage-
nase treatment (type I, Worthington, 1 mg/mL for 12 min at
37 °C), and cultured in flasks containing MCDB 131 medium
(Invitrogen, Saint Aubin, France) supplemented with 15% fetal
bovine serum, fungizone (250 µg/mL), penicillin (100 U/mL),
streptomycin (100 U/mL), and L-glutamine (2 mM) (all from
Cambrex, Saint-Beauzire, France). All experiments were per-
formed with confluent cultures of cells used at first passage.
Cells were incubated with serum-free culture medium (with
0.1% fetal bovine serum) for 5 h prior to treatment. Thereaf-
ter, cells were incubated for 30 min with either RSCS (100 and
300 µg/mL) or tempol (10 µM) + RSCS (300 µg/mL). Cells were then
washed twice with phosphate-buffered saline solution con-
taining bovine serum albumin and analysed by Western blotting.
2.9. Western blot analysis
Western blot analyses were performed in cultured porcine en-
dothelial cells washed twice with phosphate-buffered saline
solution and then lysed in extraction buffer. Total proteins
(20 µg) were separated on 10% SDS–polyacrylamide gels at 80 V
for 2 h. Separated proteins were transferred electrophoreti-
cally onto polyvinylidinedifluoride membranes (Amersham, Les
Ulis, France) at 100 V for 120 min. Membranes were blocked with
blocking buffer containing 3% bovine serum albumin, Tris-
buffered saline solution (Euromedex, Souffelweyersheim, France)
and 0.1% Tween 20 (TBS-T) for 1 h. To detect the phosphory-
lated proteins, membranes were incubated with the respective
primary antibody (p-Akt Ser473 and p-eNOS Ser1177 (1:1000),
β-tubulin, Cell Signaling Technology (Danvers, MA, USA), 1:10,000
dilution) overnight at 4 °C. After washing, membranes were in-
cubated with the secondary antibody (peroxidase-labelled anti-
rabbit or anti-mouse IgG; Cell Signaling Technology, 1:5000 or
1:20,000 dilution, respectively) at room temperature for 60 min.
Prestained markers (Euromedex) were used for molecular mass
determinations. Immunoreactive bands were detected by en-
hanced chemiluminescence (Amersham, Les Ulis, France).
2.10. Statistical analysis
Values were expressed as mean ± S.E.M. Where appropriate, sta-
tistical significance was determined using Student’s t-test or
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a one-way or two-way ANOVA followed by Bonferroni’s post
hoc test, using GraphPad Prism software, version 5.0 (GraphPad
Software Inc., La Jolla, CA, USA). Relaxation responses were ex-
pressed as a percent of the contraction level to phenylephrine
(10 µM). Values of P < 0.05 were considered statistically
significant.
3. Results
3.1. Polyphenolic content of RSCS
The total amount of polyphenols in RSCS was 4.2 mg GAE/L,
and the level of quercetin, myricetin and kaempferol was
6.37 ± 0.29, 3.25 ± 0.13, and 0.07 ± 0.03 mg/mL, respectively.
3.2. RSCS decreases blood pressure in normotensive and
L-NAME-induced hypertensive rats
Systemic haemodynamic changes induced by RSCS were
studied in normotensive un-anaesthetized rats. In normoten-
sive conscious rats, baseline values of mean arterial pressure
and heart rate were 110 ± 1 mmHg and 378 ± 5 bpm, respec-
tively. Acute administration of RSCS (10, 30 and 90 mg/kg, i.v.,
randomly) induced hypotension associated with tachycardia
(−25.4 ± 1.5; −35.8 ± 4.5; −57.6 ± 6.0 mmHg, n = 6, and 62.1 ± 11.2;
70.3 ± 10.2; 102.8 ± 9.1 bpm, n = 6, respectively; Fig. 1A and 1B).
The hypotensive and tachycardia responses were signifi-
cantly attenuated after acute inhibition of the NO synthase with
L-NAME (20 mg/kg) (−6.0 ± 0.8; −10.2 ± 0.8; −21.7 ± 2.0 mmHg, and
12.0 ± 4.0; 13.0 ± 4.0; 32.0 ± 11.0 bpm, respectively; Fig. 1A and
1B).
Interestingly, oral intake of RSCS (100 mg/kg/day) signifi-
cantly reduced the mean arterial pressure in chronically
L-NAME-treated hypertensive rats (values were 172.5 ± 6.3 and
143.7 ± 4.7 mmHg), while the heart rate was not affected
(421.6 ± 11.0 and 399.5 ± 9.0 bpm; Table 1).
3.3. RSCS induces NO-mediated endothelium-dependent
relaxations of mesenteric artery rings
In rat mesenteric artery rings with an intact endothelium, RSCS
induced potent concentration-dependent relaxations of rings
contracted with phenylephrine (maximal relaxations amounted
to 87.2 ± 3.2%, n = 8; Fig. 2A). In rings without endothelium, the
vasorelaxant effect elicited by RSCS was significantly attenu-
ated (maximal relaxations amounted to 32.0 ± 2.0%,n = 8; Fig.2A).
In order to further investigate the mechanisms underlying the
effects of RSCS, the vasorelaxation was evaluated in the pres-
ence of either a NOS inhibitor (L-NAME) or a selective inhibitor
of soluble guanylyl cyclase (ODQ). Both of these treatments sig-
nificantly reduced the RSCS-induced endothelium-dependent
relaxation in mesenteric artery rings (maximal relaxations were
22.6 ± 3.7%, n = 8; and 37.0 ± 4.6%, n = 9, respectively; Fig. 2B).
In contrast, the combination of charybdotoxin plus apamin,
inhibitors of endothelium-dependent hyperpolarization-
mediated relaxation, did not significantly affect the relaxation
induced by RSCS (maximal relaxation was 78.3 ± 5.8%, n = 8,
Fig. 2B).
Fig. 1 – RSCS induces hypotension and tachycardia
mediated by NO in normotensive conscious rats. Changes
in mean arterial pressure (MAP, A) and heart rate (HR, B)
following the acute administration of increasing doses of
RSCS (mg/kg, i.v.) in conscious normotensive rats either
before or after administration of the NO synthase inhibitor
L-NAME (20 mg/kg, n = 6). Values are expressed as
mean ± S.E.M. *P < 0.05.
Table 1 – RSCS induced antihypertensive effects in
L-NAME-induced hypertensive rats.
Control
rats
L-NAME-induced
hypertensive
rats
L-NAME-induced
hypertensive
rats treated
with RSCS
100 mg/kg/day
n
MAP
(mmHg)
121.0 ± 6.5 172.5 ± 6.3 143.7 ± 4.7* 6
HR
(bpm)
395.0 ± 18.9 399.5 ± 27.4 421.6 ± 16.0 6
Body
weight
(g)
290 ± 20 270 ± 15 280 ± 18 6
* P < 0.05 versus L-NAME-induced hypertensive rats.
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3.4. RSCS induces eNOS-derived NO formation in
cultured endothelial cells
In cultured endothelial cells, RSCS (100 and 300 µg/mL) in-
creased the cell-associated DAF fluorescence level compared
with that in untreated control cells (control: 10.88 ± 2.34%, RSCS
100 µg/mL: 79.90 ± 0.98% and 300 µg/mL: 295.20 ± 1.79% of fluo-
rescence, n = 4, Fig. 2C and D). As shown in Fig. 2D, in the
presence of L-NAME (100 µM) the RSCS-induced increase in the
DAF fluorescence level was significantly attenuated (L-
NAME + RSCS 100 µg/mL: 40.59 ± 0.54% and L-NAME + RSCS
300 µg/mL: 98.80 ± 9.86% of fluorescence, n = 5, respectively) in-
dicating the involvement of NO.
3.5. RSCS stimulates superoxide anion formation in
cultured endothelial cells
The formation of superoxide anions in endothelial cells was
assessed using the redox-sensitive probe dihydroethidium.
Treatment of endothelial cells with RSCS significantly in-
creased the DHE fluorescence signal compared with that
observed in control cells (control: 100 ± 0.0%; RSCS 300 µg/mL:
142.51 ± 4.20%; n = 6; Fig. 3A). An increased DHE fluorescence
signal was also observed in response to angiotensin II (angio-
tensin II 1 µM: 212.50 ± 11.22%, n = 6; Fig. 3A). Furthermore, in
isolated rat mesenteric artery rings, the endothelium-dependent
relaxation induced by RSCS was significantly reduced in the
Fig. 2 – Role of the NO/soluble guanylyl cyclase pathway in the RSCS-induced endothelium-dependent relaxation in rat
mesenteric artery rings. Concentration–response curves to RSCS in rat superior mesenteric artery rings pre-contracted with
phenylephrine (10 µM) (A) in rings with (●) and without endothelium (○) (n = 8), and (B) in the absence or presence of either
L-NAME (□), ODQ (▲) or charybdotoxin + apamin (△) in rings with endothelium (n = 6). MR means the maximum response.
(C) Determination of NO formation using diaminofluorescein diacetate (DAF-2DA) in cultured rabbit aorta endothelial cells.
Representative flow cytometry findings are shown. (D) Bar graph showing the effects of either RSCS (100 and 300 µg/mL)
10 min before and 30 min after treatment of cells with L-NAME (100 µM), or ACh (10 µM, used as a positive control; n = 4).
*P < 0.05 versus control; #P < 0.05 versus RSCS.
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presence of the SOD mimetic, tempol (100 µM; maximal re-
laxation was 36.17 ± 6.00%, n = 7, Fig. 3B).
3.6. RSCS stimulates the phosphorylation of Akt and
eNOS in cultured endothelial cells
Experiments were performed to characterize the signalling
pathway leading to eNOS activation and subsequent NO for-
mation in response to RSCS. Exposure of cells to RSCS (100 and
300 µg/mL) for 30 min markedly increased the phosphoryla-
tion level of Akt at Ser 473 and eNOS at Ser1177 (Fig. 4A). The
RSCS-induced phosphorylation of Akt and eNOS was signifi-
cantly reduced by a 15-min pretreatment period of cells with
the SOD mimetic, tempol (100 µM, Fig. 4B and C).
4. Discussion
The present findings indicate that an alcohol-free lyophilized
red wine (cabernet-sauvignon, RSCS) from the São Francisco
river valley of Brazil induced hypotension and tachycardia in
normotensive rats, and reduced blood pressure in hyperten-
sive L-NAME-treated rats. In addition, RSCS induced potent
endothelium-dependent relaxations of contracted rat mesen-
teric artery rings via an increased formation of NO and a redox-
sensitive event. Furthermore, RSCS is characterized by the
presence of a high level of total polyphenols, and its major fla-
vonoid compounds include myricetin,quercetin and kaempferol.
The present findings indicate that the acute intravenous ad-
ministration of RSCS caused pronounced hypotension in
normotensive rats, which was significantly attenuated after
acute NO synthase blockade, indicating the involvement of NO.
Thereafter, experiments were performed to determine whether
oral administration of RSCS is also able to decrease an estab-
lished high level of blood pressure induced by the chronic
administration of a NO synthase inhibitor to rats. RSCS was
evaluated at a dose of 100 mg/kg, which corresponds to about
two glasses of wine (approximately 210 ml) for an adult daily.
Regular intake of such a moderate volume of wine has been
associated with cardiovascular protective effects (Guarda et al.,
2005; Kim, Quon, & Kim, 2014). The present findings indicate
that such a low dose of the RSCS treatment was able to sig-
nificantly reduce the L-NAME-induced high level of blood
pressure without affecting heart rate. Previous studies by Soares
de Moura et al. (2004) have also indicated that oral adminis-
tration of a lyophilized southern Brazilian red wine induced
an antihypertensive effect in L-NAME-treated rats. In addi-
tion, the polyphenol quercetin decreased blood pressure in
several models of hypertension in rats including the sponta-
neously hypertensive rat, the L-NAME hypertensive rat, and the
DOCA-salt hypertensive rat (Larson, Symons, & Jalili, 2010).The
antihypertensive effect was also associated with an improve-
ment of morphological and functional changes in the heart,
blood vessels and kidney (Lundberg, Gladwin, & Weitzberg,
2015).The beneficial effect of polyphenols on hypertension and
its chronic cardiovascular consequences may be best ex-
plained by their ability to restore an optimal endothelium-
derived NO formation, which, besides decreasing vascular tone,
prevents the induction of endothelial senescence and vascu-
lar smooth muscle proliferation and migration, thereby
contributing to maintain an optimal endothelial and vascu-
lar function. Furthermore, previous studies have shown
additional protective effects of cabernet wines such as reduced
levels of lipid peroxidation, of vascular endothelial dysfunc-
tion, and of oxidative stress in acute coronary syndrome in both
preclinical and clinical studies (Deckert et al., 2002; Guarda et al.,
2005).
Fig. 3 – RSCS increases the formation of superoxide anions in endothelial cells. (A) Superoxide anion formation induced by
RSCS (300 µg/mL) and Ang II (1 µM) in rabbit aorta cultured endothelial cells (n = 4, experiments performed in triplicate).
(B) Concentration–response curves showing the relaxant effect induced by RSCS in the absence or presence of 100 µM
tempol (■, a superoxide dismutase mimetic, n = 8). MR means the maximum response. Results are expressed as
mean ± S.E.M *P < 0.05.
87J o u rna l o f Func t i ona l F ood s 2 2 ( 2 0 1 6 ) 8 2 – 9 2
Bearing in mind that a reduction of peripheral vascular re-
sistance can lead to a decreased arterial blood pressure, we have
hypothesized that RSCS may possibly act by reducing vascular
tone. Indeed, vascular reactivity studies indicated that RSCS is
able to cause concentration-dependent relaxations in rat su-
perior mesenteric artery rings contracted with phenylephrine.
Since the vascular endothelium is well known to have a pivotal
role in the regulation of vascular tone, experiments were per-
formed to determine its contribution to the vasorelaxing activity
of RSCS. Although RSCS caused pronounced relaxations in rings
with endothelium, only minor effects were observed in those
without endothelium, indicating the key role of the endothe-
lium. Numerous studies have reported the ability of several
sources of polyphenols such as tea catechins, aronia melanocarpa
and grape juice and other red wines to cause endothelial-
dependent relaxation in coronary and mesenteric arteries (Idris
Khodja et al., 2012; Kim et al., 2014; Luciano et al., 2011).
Nitric oxide is generated by the endothelial NO synthase and
it is a major regulator of vascular tone and blood pressure. In
order to verify whether the endothelium-dependent relax-
ation to RSCS involves the NO/soluble guanylyl cyclase pathway,
arterial rings were incubated with the NO synthase inhibitor,
L-NAME or the soluble guanylyl cyclase inhibitor, ODQ. Both
L-NAME and ODQ significantly attenuated the RSCS-induced re-
laxation, indicating the involvement of the NO/soluble guanylyl
cyclase pathway. These findings corroborate with our previous
observations and also those of others indicating that red wine
polyphenols are potent endothelium-dependent vasodilators in
the rat mesenteric artery (Ndiaye, Chataigneau, Lobysheva,
Chataigneau, & Schini-Kerth, 2005) and the porcine coronary
artery (Ndiaye, Chataigneau, Andriantsitohaina, Stoclet, &
Schini-Kerth, 2003), and that these effects involve endothelial
NO synthase.
In addition to NO, EDH plays often an important role in the
vasorelaxation mediated by polyphenols (Kivimäki, Ehlers,
Turpeinen, Vapaatalo, & Korpela, 2011). However, in the present
study, charybdotoxin plus apamin, inhibitors of endothelium-
dependent hyperpolarization-mediated responses, affected only
minimally relaxations to RSCS, indicating that the EDH com-
ponent is only a minor component of the vasorelaxant effect
to the northeastern Brazilian red wine.
Chronic treatment with phenolic compounds in red wine
has been shown to reduce blood pressure and vascular dys-
function by several mechanisms. Indeed, the redox-sensitive
Akt pathway has been shown to mediate the stimulatory effect
of polyphenols and other natural products on the endothelial
formation of NO by eNOS (Quiñones et al., 2014; Wallerath et al.,
2003). In order to characterize the signalling pathway involved
in NO formation and eNOS activation, further experiments were
performed in endothelial cells.
Fig. 4 – RSCS causes a concentration-dependent phosphorylation of Akt (Ser 473) and eNOS (Ser 1177). Endothelial cells
were incubated either with solvent, RSCS for 30 min in the presence or absence of tempol (100 µM, 10 min pretreatment).
The levels of p-Akt and p-eNOS were determined by Western blot analysis. (A) Representative immunoblots, and
corresponding cumulative data of (B) p-Akt and (C) p-eNOS. n = 4 different experiments. *P < 0.05 versus control; #P < 0.05
versus RSCS 300 µg/mL.
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Quantification of the bioavailability of NO can be per-
formed by using flow cytometry analysis based on fluorescent
intensity levels of DAF2-DA, which increase in proportion to
the amount of NO released by endothelial cells under base-
line or stimulated conditions. The combination of DAF2 with
NO, in the presence of oxygen, produces a highly fluorescent
compound detected in the cytoplasm (Arribas, Daly, González,
& McGrath, 2007). The reaction is specific since it is pre-
vented by the NO synthase inhibitor, L-NAME. To extend the
present findings from functional experiments, we have deter-
mined NO levels as an index of NO formation before and after
RSCS treatment. RSCS was able to significantly increase NO
levels in rabbit endothelial cells, and this effect was pre-
vented by L-NAME. Comparing the vasorelaxant effects and
increased formation of NO induced by ACh and RSCS, it appears
that although ACh induced the formation of a lower amount
of NO compared to RSCS, its relaxant effect was higher than
that induced by the wine. Such a difference might be ex-
plained by the fact that endothelium-dependent ACh-induced
relaxations involves, besides NO, the activation of endothe-
lial small (SKCa) and intermediate conductance Ca2+-activated
K+ channels (IKCa) inducing hyperpolarization of the endothe-
lium with the subsequent relaxation of the vascular smooth
muscle (Brizic et al., 2009; Lundberg et al., 2015) whereas the
vasorelaxant effect of RSCS seems to involve predominantly
the NO component.
Natural products and polyphenol rich sources induce NO-
mediated relaxations in different types of arteries, and appear
to involve redox-sensitive events (Anselm, Chataigneau, Ndiaye,
Chataigneau, & Schini-Kerth, 2007; Kaufeld, Pertz, & Kolodziej,
2013; Ribeiro et al., 2010). Several studies have shown that some
polyphenolic compounds such as epigallocatechin-3-gallate
produce superoxide anions and hydrogen peroxide following
auto-oxidation (Auger et al., 2011; Zhu et al., 2013). Procyanidins
condensed tanins oligomers can protect endothelial cells from
membrane lipid oxidation and cytotoxicity by scavenging
peroxynitrite (Schini-Kerth, Etienne-Selloum, Chataigneau, &
Auger, 2011).The role of endothelial protective effects of poly-
phenols has been associated with the intracellular formation
superoxide anions and the subsequent activation of the redox-
sensitive PI3-kinase/Akt pathway leading to eNOS activation
and the subsequent formation of NO (Feng et al., 2010; Ndiaye,
Chataigneau, Chataigneau, & Schini-Kerth, 2004; Schini-Kerth,
Auger, Kim, Etienne-Selloum, & Chataigneau, 2010). However,
the specific mechanism involved in the endothelial pro-
oxidant effect of polyphenols is still unknown. The present
findings indicate that the RSCS-induced relaxations in
mesenteric artery rings were strongly reduced by tempol, a su-
peroxide dismutase (SOD) mimetic. These findings strongly
suggest a key role for intracellular superoxide anions in the
RSCS-induced endothelial-mediated relaxation. To further
confirm the participation of ROS, experiments were per-
formed using cultured endothelial cells and the oxidative
fluorescent probe DHE. RSCS significantly increased the for-
mation of superoxide anions in endothelial cells. As a matter
of fact, besides their direct antioxidant properties reported in
several models of cardiovascular diseases, other activities of
polyphenols may be related to the increased redox-sensitive
mechanisms in the endothelial layer (Cordova, Jackson,
Berke-Schlessel, & Sumpio, 2005; Habauzit & Morand, 2012). A
vascular source of ROS activated by RSCS has been suggested
to involve the activation of NADPH oxidase (Sarr et al., 2006).
In addition, an important mechanism frequently overlooked
in considering the biological effects of polyphenols is their ability
to interact with receptors capable of initiating cell signalling
(Montezano & Touyz, 2012). Polyphenols are able to regulate
the activity of cell surface growth factor receptors, especially
receptor tyrosine kinases, including the EGF receptor, the VEGF
receptor, the IGF receptor and the insulin receptor (Cerezo,
Winterbone, Moyle, Needs, & Kroon, 2015; Kim et al., 2014; Munir,
Chandrasekaran, Gao, & Quon, 2013). The activation of such
receptors can increase the formation of ROS and the subsequent
activation of redox-sensitive events. Indeed, such a mecha-
nism has been suggested to contribute to the protective effect
of polyphenols against endothelial dysfunction in an experi-
mental model of hypertension (Montezano & Touyz, 2012).
Endothelial NO synthase is mostly expressed in endothe-
lial cells and can be activated in response to red wine and
several polyphenol-rich sources, in part, through the Akt-
dependent phosphorylation of eNOS at Ser1177 (Zgheel et al.,
2014). A similar activator mechanism was observed in the
present study since RSCS increased the phosphorylation of
eNOS at Ser1177 and of the Akt at Ser473. Furthermore, the
stimulatory effect of RSCS on Akt at Ser473 and eNOS at Ser1177
was significantly reduced by pretreatment of endothelial cells
with the SOD mimetic tempol indicating the involvement of
a redox-sensitive event.
The protective effect of natural products has been attrib-
utable, at least in part, to their high level of polyphenols.
Previous studies have shown that, besides red wine, other
natural products containing high levels of polyphenols, such
as grape-derived products and tea catechins, and also omega-3
fatty acids are able to increase the intracellular formation of
superoxide anions leading to the subsequent activation of the
redox-sensitive PI3-kinase/Akt pathway and, hence, eNOS-
derived NO formation and vasorelaxation (Schini-Kerth et al.,
2010; Zgheel et al., 2014).
The São Francisco River Valley, located in northeastern Brazil,
has very different terrain and climate characteristics com-
pared to the more traditional southern wine-making region,
which is characterized by a more temperate climate.The present
study has evaluated the level of flavonoids present in the ly-
ophilized red wine of the São Francisco valley region Rio Sol
(RSCS). Indeed, recent studies have shown that regular con-
sumption of polyphenol-rich fruits and vegetables reduced the
risk of cardiovascular disease, and flavonoids were the most
important polyphenol category in most type of red wines
(Angelone et al., 2011). Analysis of the RSCS extract has indi-
cated a high level of flavonoids and, in particular, quercetin,
myricetin and kaempferol, that have been shown previously
to have antioxidant and vasodilator properties (Ajaya, Gilani,
& Mustafa, 2003; Chiva-Blanch et al., 2012).Thus, it is likely that
flavonoids are responsible, at least in part, for the RSCS-
induced cardiovascular effects.
In conclusion, using different in vivo and in vitro approaches,
the present study indicates that an alcohol-free lyophilized red
wine from the Brazilian São Francisco valley induced hypo-
tension in rats most likely by reducing peripheral vascular
resistance subsequent to the induction of endothelium-
dependent vasorelaxation mediated by the activation of the
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Akt-eNOS-NO pathway via a redox-sensitive mechanism.These
effects might be explained by the presence of a high level of
phenolic compounds in RSCS.
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